Chemotherapy is currently one of the most common therapeutic options for cancer patients despite the poor efficacy with considerable side effects. We then examined if D-fraction (DF), a bioactive mushroom extract, could potentiate (poor) anticancer effects of those drugs in vitro. Three urologic cancers, prostate, bladder, and kidney cancers, were tested with various chemotherapeutic drugs and their combinations with DF. Compared to individual drugs alone, combinations of drugs and DF have improved anticancer activity, resulting in the significant (P < 0.05) cell viability reduction in all three cancer cells. As vitamin C (VC) has been postulated to potentiate the bioactivity of DF, this possibility was also examined. The specific combination of DF (300 µg/ml) and VC (200 µM) indeed led to the drastic (≥90%) viability reductions in all three cancer cells. To have a better understanding of such a profound viability reduction, the effect of DF/VC combination on cell cycle was examined next. Cell cycle analysis indicated that this combination induced a G1 cell cycle arrest, which was also confirmed by the down-regulation of specific cell cycle regulators (CDK2, CDK4, and cyclin D 1 ) detected on western blots. Moreover, it was crucial to address if the DF/VC-induced viability reduction could be also linked to apoptosis. Western blot analysis revealed that anti-apoptotic bcl-2 was down-regulated while pro-apoptotic Bax was up-regulated with DF/VC combination in all cancer cells, indicating induction of apoptosis. Therefore, the DF/VC combination could ultimately induce apoptosis, accounting for the severe cell viability reduction. In conclusion, DF appears to be a promising agent with chemosensitizing effect, enhancing the * Corresponding author.
Introduction
Three prevalent urologic cancers such as prostate, bladder, and renal cell carcinomas demand the safer and more effective therapeutic modalities. Prostate cancer is the most common malignancy in elderly men and the second leading cause of male cancer death in the United States [1] . Although the initial response to primary hormonal therapy usually shows a good prognosis, the cancer remains refractory and most (~80%) of these patients experience a progression of their cancers to a refractory state (relapse) within a few years [2] . Unfortunately, current conventional therapies for such hormone-refractory disease are rather disappointing; androgen ablation, brachytherapy, external radiotherapy, and chemotherapy have not been effective [2] [3] . Bladder cancer is the second most common urologic malignancy next to prostate cancer [4] and more than 90% of bladder cancers are transitional cell carcinoma (TCC) [5] . Approximately 70% of TCCs present superficial bladder tumor and the rest of 30% include invasive or metastatic disease [6] . Although endoscopic transurethral resection (TUR) is a primary therapy, 60% -70% of patients will yet recur and about 25% progress to invasive disease within 5 years [5] . Renal cell carcinoma (RCC) is the sixth most common cancer [7] and nearly 30% of patients would present metastatic disease at the time of diagnosis [8] . Although the primary treatment for localized RCC is nephrectomy, 30% -40% of patients would have a recurrence leading to a metastatic disease with the 5-year survival rate of <10% [9] [10] . Among those therapeutic modalities described, chemotherapy is yet one of the common therapeutic options that has been often applied to three urologic cancers, although the outcomes have been rather disappointing or unsatisfactory with the poor efficacy and palpable side effects [3] [5] [9] . In addition, these urologic cancers are also known to have the drug-resistant nature against chemotherapeutic drugs [11] . These facts then sturdily encourage and demand exploration of alternative modalities that may improve the outcomes with few side effects [12] .
As we have been exploring combination therapy using chemotherapeutic drugs and natural agents extracted from herbs, plants, mushrooms, seeds, fruits, etc., we have come across a bioactive mushroom extract, D-fraction (DF). This DF is the protein-bound polysaccharide or proteoglucan, consisting of a bioactive component known as β-glucan (Figure 1 ) with a molecular weight of ~1 × 10 6 dalton [13] . Characteristically, it has acid-insoluble, alkali-soluble and a hot water-extractable nature [13] . Since DF has been commercially available for a variety of medical and scientific research, a number of such studies conducted in past 30 years confirmed its immunomodulatory and antitumor activities with few side effects in vitro and in vivo [14] - [17] . For example, antitumor activity of DF has been shown in tumor-bearing mice through activation of various immune effectors such as macrophages, cytotoxic T-lymphocytes, natural killer cells, etc. [14] [15] . Thus, DF is an interesting natural agent that deserves further studies on its antitumor/anticancer activity. Accordingly, we investigated if combination of chemotherapeutic drugs and DF would improve the poor drug efficacy on three urologic cancer cells in vitro. In addition, as vitamin C (VC) has been proposed to potentiate the bioactivity of DF [18] , we tested if combination of DF and VC would exhibit any (improved) anticancer effect. To explore the underlying mechanism(s) of the improved anticancer activities by drug/DF or DF/VC combinations, the cell cycle regulation was also examined. Moreover, whether the increased cell viability reduction by specific combinations would be associated with apoptosis was further assessed. More details and notable findings in this study were described herein.
Materials and Methods

Cell Culture
The three human urologic cancer cell lines, prostate cancer PC-3, bladder cancer T24, and kidney cancer ACHN, were obtained from the American Type Culture Collection (ATCC; Manassas, VA). They were maintained in RPMI 1640 medium containing 10% fetal bovine serum, penicillin (100 units/ml), and streptomycin (100 µg/ml) at 37˚C. Chemotherapeutic drugs were purchased from Sigma-Aldrich (St. Louis, MO) and a standardized Dfraction (DF; 30% of the content) was a gift from the manufacturer (Mushroom Wisdom, Inc., East Rutherford, NJ). This DF is commercially available for personal use or research purpose. For experiments, specific drugs being clinically used were tested: paclitaxel (PTX) was tested in PC-3 cells; cisplatin (CPL) in T24 cells; and 5-fluorouracil (5FU) in ACHN cells. Three cancer cells were seeded at the initial cell density of 1 or 2 × 10 5 cells/ml in 6-well plates or T-75 flasks and treated with varying concentrations of each drug assigned or combinations of these drugs and DF. They were also separately treated with combination of DF and vitamin C (VC). Cell viability was then assessed by MTT assay at specified times.
MTT Assay
Cell viability was determined by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) assay following the vendor's protocol (Sigma-Aldrich, St. Louis, MO). This system is based on the conversion of the water-soluble MTT to an insoluble purple formazan through mitochondrial dehydrogenases in viable cells. Briefly, at the harvest time, MTT reagent (1 mg/ml) was added to the 6-well plate, which was then incubated for 3 h. After removing MTT, DMSO (dimethyl sulfoxide) was added to each well to dissolve the formazan crystals (with purple color). Absorbance of formazan solution was read in a microplate reader and cell viability was expressed by the % relative to the control reading (100%).
Cell Cycle Analysis
Cell cycle phase distributions were determined on a FACScan flow cytometer (Becton-Dickinson) equipped with a double discrimination module. Control or agents-treated cells (~1 × 10 6 cells per condition) were resuspended in 500 μl of propidium iodide solution (20 μg/ml propidium iodide, 0.2 mg/ml RNase, 0.2 mg/ml EDTA, 0.5% nonidet p-40) and incubated for 1 h at room temperature in the dark. Approximately 10,000 nuclei from each sample were analyzed on a flow cytometer, and CellFit software was used to quantify cell cycle compartments to estimate the % of cells distributed in the different cell cycle phases.
Western Blot Analysis
The procedures essentially followed the protocol described elsewhere [19] . Briefly, cell lysates were obtained from control and agent-treated cells by "freeze-thaw" in liquid nitrogen. An equal amount of cell lysates (7 μg) was subjected to 10% SDS-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. The blot (membrane) was incubated for 90 min with the primary antibodies against, CDK2, CDK4, cyclin D 1 , bcl-2, or Bax (Santa Cruz Biotechnology, Santa Cruz, CA), followed by 30-min incubation with the appropriate secondary antibody conjugates. The specific immunoreactive protein bands were then detected by chemiluminescence following the manufacturer's protocol (Kirkegaard and Perry Laboratories, Gaithersberg, MD).
Statistical Analysis
All data were presented as mean ± SD (standard deviation), and statistical differences between groups were assessed with either one-way analysis of variance (ANOVA) or the unpaired Student's t test. Values of P < 0.05 were considered to indicate statistical significance.
Results
Effects of Chemotherapeutic Drugs Alone or Their Combinations with DF on Cell Viability of Three Urologic Cancer Cells
Three different urologic cancer cells, prostate cancer PC-3, bladder cancer T24, and kidney cancer ACHN cells, were treated with PTX (0 -8 nM), CPL (0 -80 µM), and 5FU (0 -150 ng/ml), respectively. Additionally, these cancer cells were also treated with combinations of each drug and DF (300 µg/ml): PC-3 cells were treated with PTX/DF, T24 cells with CPL/DF, and ACHN with 5FU/DF combinations. As 300 µg/ml of DF by itself has been shown to have little effects on all three cancer cells ( Table 1) , any improved effects of drug/DF combinations can be properly assessed using this DF concentration. After 72 h, all cancer cells were subjected to MTT assay for determining cell viability since anticancer effects of drugs alone or drug/DF combinations can be assessed by the reduction (%) in cell viability relative to controls (100%).
The results showed that no cell viability reduction was seen in any cancer cells at any given drug concentrations (Figures 2(a)-(c) ). However, combinations of PTX, CPL, or 5FU and DF (300 µg/ml) led to a maximum 45%, 42%, and 49% cell viability reduction in PC-3, T24, and ACHN cells, respectively (Figures 2(a)-(c) ). Thus, these results suggest that DF may sensitize those chemotherapeutic drugs to a certain extent, enhancing their anticancer activities on cancer cells (i.e. a chemosensitizing effect). For a better understanding, Table 2 summarizes how much (%) anticancer activities of drugs alone were increased with DF, by calculating the differences in the cell viability reductions (%) induced by either drug alone or drug/DF combination. It indeed shows that anticancer effects of PTX, CPL, and 5FU are increased by 20%, 35%, and 43% with DF in PC-3, T24, and ACHN cells, respectively.
Synergistic Potentiation of Anticancer Effect of DF and VC Combination
VC is a well-known beneficial nutritional supplement, which has been extensively studied for a potential role in cancer prevention and treatment [20] [21] . It has also been implied to enhance the bioactivity of DF [18] . We Table 1 . Effects of sole DF or VC on cell viability of three urologic cancer cells. then examined if combination of DF and VC could exhibit any anticancer activity against these cancer cells. Although they were initially cultured with combination of DF (300 µg/ml) and VC (200 µM) for 72 h, cell viability was assessed at 24 h because this combination required only 24 h to cause the severe cellular effects. In addition, neither DF (300 µg/ml) nor VC (200 µM) alone was found to have any effects ( Table 1 ). As it was also possible that combinations of these drugs and VC might show some positive effects, PC-3, T24, and ACHN cells were treated with combinations of PTX (8 nM), CPL (80 µM), or 5FU (150 ng/ml) at the highest concentrations and VC (200 µM) for 72 h, respectively. MTT assays showed that the DF/VC combination resulted in a drastic ≥90% cell viability reduction in all three cancer cells in 24 h, whereas any combinations of drugs (PTX, CPL, or 5FU) and VC had little effects even after 72 h (Figure 3) . For comparison, the additional data from each drug alone and in combination with DF (300 µg/ml) in all cancer cells are also shown in Figure 3 . Therefore, unlike DF, VC failed to improve or enhance the drug efficacy but its combination with DF became highly potent, inducing the greatest cell viability reduction (≥90%) that was far more profound than the viability reductions induced by any drug/DF combinations. Furthermore, these results suggest that DF and VC may work synergistically to induce such a severe cell viability reduction since the given concentrations of DF (300 µg/ml) and VC (200 µM) by itself had little effects ( Table 1) .
Effect of DF/VC Combination on Cell Cycle
To understand how this DF/VC combination would induce such an extensive viability reduction, its possible effect on cell cycle was then examined. After 24-h treatment with the DF/VC combination, three cancer cells were subjected to cell cycle analysis to determine the cell number (%) in each cell cycle phase. These results showed that the DF/VC combination led to a significant (P < 0.05) increase in G 1 -phase cell number concomitant with a significant (P < 0.05) decrease in S-phase cell number in all three cancer cells (Figure 4) . This cell accumulation in the G 1 phase is known as a G 1 cell cycle arrest [22] . Thus, the DF/VC combination appears to specifically halt the G 1 -S phase progression, subsequently leading to the cell viability reduction.
Effects on Specific Cell Cycle Regulators Following DF/VC Treatment
For confirmation of a G 1 cell cycle arrest by the DF/VC combination, the effects of this combination was assessed on the specific cell cycle regulators for the G 1 -S phase transition [22] . Three cancer cells were treated with combination of DF (300 µg/ml) and VC (200 µM) for 24 h and subjected to western blot analysis on three G 1 -specific cell cycle regulators, CDK2, CDK4, and cyclin D 1 . The expressions of all three regulators were significantly reduced or down-regulated (compared with controls) by the DF/VC treatment in all three cancer cells, but only the results of PC-3 cells are shown here as a representative (Figure 5) . Such down-regulations of these specific regulators in PC-3, T24, and ACHN cells are indeed indicative of a G 1 cell cycle arrest. Thus, these findings suggest that the DF/VC combination primarily targets the specific cell cycle phases and induces a G 1 cell cycle arrest in three urologic cancer cells, partly accounting for the resulting cell viability reduction.
Induction of Apoptosis by DF/VC Combination
It was critical to also learn if the DF/VC-induced cell viability reduction might be linked to apoptosis (programmed cell death). Three cancer cells were exposed to combination of DF (300 µg/ml) and VC (200 µM) for 24 h and analyzed for two key apoptosis regulators, bcl-2 and Bax [23] . Western blot analysis then revealed that bcl-2 expression was down-regulated while Bax expression was up-regulated in all three cancer cells with the DF/VC combination ( Figure 6 ). As bcl-2 is known as an anti-apoptotic regulator while Bax is a pro-apoptotic Figure 3 . Effects of combinations of drugs and VC or DF and VC on cell viability. PC-3, T24, and ACHN cells were treated with combinations of PTX, CPL, or 5FU and DF, respectively, or with DF/VC combination. Cell viability was assessed at indicated times by MTT assays and expressed by the % of controls. All data are mean ± SD from three independent experiments ( * P < 0.01 compared with respective controls). regulator [23] , the down-regulation of bcl-2 concomitant with the up-regulation of Bax more likely indicates induction of apoptosis. Therefore, the drastically reduced cell viability with the DF/VC combination is presumably attributed to apoptotic cell death.
Discussion
We investigated the possible chemosensitizing effect of bioactive DF extracted from maitake mushroom, sensitizing or improving the poor activity/efficacy of chemotherapeutic drugs, on the three urologic cancer cell lines in vitro. As DF has been shown to have antitumor activity with few side effects [14] [15] , it appeared to be an appropriate agent for such a combination study. The three chemotherapeutic drugs being currently used in the clinical settings, paclitaxel (PTX), cisplatin (CPL), and 5-fluorouracil (5FU), were first tested for their anticancer effects on prostate cancer PC-3, bladder cancer T24, and kidney cancer ACHN cells, respectively. None of drugs at given concentrations (being the physiologically tolerable levels) was found to have any effects on cell viability of any cancer cells. However, when each drug was combined with DF (300 μg/ml), there was the significant reduction in cell viability of all three cancer cells (Figure 2) . These results suggest that DF is capable of sensitizing drugs and enhancing their (poor) anticancer activities to some extent. Thus, it is plausible that DF may have a chemosensitizing effect on (certain) chemotherapeutic drugs.
As it has been postulated that VC could enhance the bioactivity of DF [18] or its anticancer activity, this possibility was then tested in three cancer cells. At the same time, combinations of three drugs (PTX, CPL, and 5FU) and VC were also examined for any improved anticancer activities on respective cancer cells. We found that the specific combination of DF (300 µg/ml) and VC (200 µM) was highly potent, leading to a drastic ≥90% cell viability reduction in all three cancer cells in merely 24 h (Figure 3) . On the other hand, none of drugs' anticancer activities was enhanced with VC, or drug/VC combinations showed no improved anticancer effects. Thus, although VC by itself may not have a chemosensitizing effect on these drugs, once VC is combined with DF, they become very potent and eventually induce a profound cell viability reduction in all three urologic cancer cells. This dramatic impact created by the DF/VC combination appears to result from "synergism" or a synergistic potentiation where DF and VC may work synergistically to exert such a potent anticancer effect on these cancer cells.
To have an insight into the anticancer mechanism of DF/VC combination, its possible effects on the cell cycle regulation were examined. Cell cycle analysis indicated that the DF/VC combination had induced a G 1 cell cycle arrest [22] , a blocking of the G 1 -S phase progression that can subsequently lead to a cessation of cell proliferation. Additionally, all three G 1 -specific regulators, CDK2, CDK4, and cyclin D 1 , were significantly down-regulated or their expressions were significantly reduced/diminished by the DF/VC combination in all three cancer cells. This finding further confirms that the DF/VC combination may directly target cell cycle, particularly at the G 1 -S phase transition point.
Lastly, it was not only interesting but also critical to address whether a drastic viability reduction by the DF/VC combination could be associated with apoptosis. We then found that the DF/VC combination led to the down-regulation of anti-apoptotic bcl-2 concomitant with the up-regulation of pro-apoptotic Bax in all 3 cancer cells (Figure 6 ), indicating induction of apoptosis [23] . Therefore, the severe cell viability reduction induced by the DF/VC combination is primarily attributed to apoptotic cell death.
After all, although DF appears to be a promising natural agent for a potential clinical utility, its safety needs to be also addressed. DF is a bioactive extract of maitake mushroom, which is a tasty, edible, medicinal mushroom that has been used dietetically or therapeutically for centuries in Japan and China. Additionally, the US Food and Drug Administration (FDA) has exempted DF from a Phase I study of toxicology and also approved it for the Investigational New Drug (IND) application for a Phase II pilot study on advanced cancer patients [24] . Thus, the safety of DF is granted without any potential side effects.
It should yet bear in mind that this study is the in vitro study, which is unable to show the actual efficacy (of DF) under the physiological condition or in animals or humans. Although DF could be safe, its potential adverse effects must be also closely monitored or assessed in animals prior to a clinical trial. Hence, the next phase of our study is to perform the in vivo study using animals to assess the actual efficacy, effective dosage, and safety of DF (in combination with VC), and such a study may provide us with valuable information on the future plan.
Conclusion
The present study demonstrates that D-fraction (DF) is a bioactive mushroom extract with a chemosensitizing effect and potent anticancer effect especially once combined with VC. Although DF is capable of enhancing anticancer activities of three chemotherapeutic drugs tested, the DF/VC combination is far superior to any drugs alone or any combinations of drugs and DF (or VC). Such a potent anticancer effect is primarily associated with induction of a G 1 cell cycle arrest and apoptosis. Therefore, DF may have a great potential as an adjuvant agent that can be combined with certain chemotherapeutic drugs or with VC for the safer and more effective therapeutic options for human urologic cancers as well as possibly other malignancies.
